We have compared the effect of the po1yoraavirus cis-acting transcriptional enhancer and the adenovirus trans-acting ElA gene on expression of RNA polymerase Ill-transcribed genes (the adenovirus VAI gene and a bacterial tRNA gene) using DNA transfection and transient expression assays.
INTRODUCTION
Enhancer sequences are cls-actlng regulatory elements that increase expression of linked RNA polymerase II-transcribed genes in an orientation and distance-independent fashion (1) (2) (3) (4) (5) (6) (7) (8) (9) . Viral enhancer sequences are capable of activating heterologous genes, but show some host cell specificity in their stimulation of transcription (10) (11) (12) (13) (14) . The mechanism of transcriptional enhancement is unknown, although several models have been proposed. Some of these hypothetical mechanisms would be expected to enhance only RNA polymerase II-transcribed genes. For example, the RNA polymerase II "entry site" model proposed by several investigators (5, 6, 8, 15) would predict that RNA polymerase II or an accessory transcription factor might interact in a sequence-specific manner with the enhancer element. Transcription of genes by RNA polymerase I or III would not be expected to be similarly stimulated.
On the other hand, transcriptional activation of genes linked to an enhancer element could be the result of nonspecific activation. For example, the alteration of chromatin structure observed in the SV40 and polyomavirus enhancer regions (16-21, P. Bryan and W. R. Folk, unpublished observations) might allow molecules required for transcription access to linked promoter sequences. Other possibilities for nonspecific transcriptional enhancement
Include alteration of the topology of the DNA, hypomethylation of linked sequences, or promotion of an association between DNA and the nuclear matrix.
In any of these cases, enhancers might affect transcription by all three RNA
polymerases.
An alternative type of transcriptional activation is that induced by the adenovirus E1A gene product (and the herpes virus immediate early gene product, ICP4) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . The E1A gene product stimulates expression of its own gene and the other adenovirus RNA polymerase Il-transcribed genes, as well as a number of heterologous genes, in a trans-acting manner (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . The mechanism of activation of transcription by E1A is unknown: In several different genes, sites required for transcriptional activity have been localized to sequences upstream of the mRNA initiation sites (26, (28) (29) (30) ; however, it is unclear if the E1A gene product acts directly or indirectly at these sites (24, 26, (28) (29) (30) (31) . Also, it is unknown whether E1A has any effect on transcription by RNA polymerases I or III.
To help define the mechanism of action of these transcriptional stimulatory elements, we have examined the effects of the cis-acting polyomavirus enhancer and the trans-acting adenovirus E1A gene product on expression of RNA polymerase Ill-transcribed genes. The genes chosen for this study are the adenovirus VAI gene and a bacterial tRNA gene since no corresponding cellular sequences exist to interfere with analysis of their transcription.
We show that the polyomavirus enhancer region does not activate VAI transcription, but that transcription of the VAI and of the bacterial tRNA gene are greatly stimulated in cells expressing the adenovirus E1A gene product.
MATERIALS AND METHODS

Construction of Recombinant Plasmlds
pAd5 contains the adenovirus VAI and VAII genes within a Sall-Hindlll DNA fragment of adenovirus 5 inserted in pBR322 (32) (Fig. lb) 
Cell transfection
The cell lines used in these experiments were the mouse L-cell line , the baby hamster kidney cell line BHK TK~ tsl3 (36) , the human Hela cell line, and the human embryonic kidney cell line 293 (37) . All cells were grown in Dulbeco's modified MEM containing 10Z calf serum. The probe for primer extension analysis was prepared by internal labeling of a polyonavirus Ddel to AccI fragment (nucleotides 200 to 383), using the exonuclease and polymerase activities of T4 DNA polymerase. The labeled primer was annealed to RNA and extended using AMV reverse transcriptase essentially as described (40, 44) .
Analysis of pulse-labeled RNA from q-amanltin-treated 293 cells Two 100 mm diameter dishes of 293 cells were transfected with pAdPyE" DNA. At 45.5 hours post-transfection, 1 ug/ml a-amanitin was added to the growth media in one of the dishes. 30 minutes after addition of a-amanitin, both dishes of cells were pulse-labeled with %-uridine (1 mCi/ml, 1 Ci/mmole). 2 hours later cellular •^H-RRA was isolated, as described above.
H-RSJA was hybridized to the appropriate strand-specific polyomavirus early gene region-M13mp8 or VAI-M13mp8 DNA, the samples were treated with RNase to remove unhybridized RNA, and the hybrids were collected onto nitrocell-ulose filters, essentially as described elsewhere (41) .
Analysis of bacterial tRNA ^ transcription in adenovirus Infected cells
Hela cells were mock-infected or infected with adenovirus 5 dl309
(containing a wild-type E1A gene and a small deletion in the early gene 3 region) or dl312 (containing a large deletion in the E1A gene) (45) . Cytosine arabinoside (20 vig/ml) was added to the media at the time of infection and at each 12 hour interval thereafter (46) . At two hours after infection the three sets of cells were transfected with pMY242. At 48 hours after transfection, the cells were harvested and whole cell RNA was isolated and analysed as described above.
RESULTS
Activation of early gene transcription by the polyomavirus enhancer
To investigate the effect of the polyomavirus enhancer region on transcription by RNA polymerase III, we analyzed transcription from two clones containing the adenovirus VAI and VAII genes linked to a portion of the polyomavirus early gene region. One of the clones (pAdPyE") lacked sequences from the enhancer region (from Bell to StuI), whereas the other clone (pAdPyE" 1 ") retained these sequences.
To confirm that these clones were, respectively, enhancer negative and enhancer positive, after transfection of these DNAs into cells the amount of polyomavirus early gene transcription was measured by S-^ nuclease or primer extension analysis ( A 5'-labeled fragment complementary to VAI RNA was used as a probe In the Sn uclease analysis (Fig. 3) .
In contrast to the results with the early gene transcripts, the polyomavirus enhancer appears to have little effect upon VAI gene transcription
In mouse DAP-3 cells (Fig. 3, panel A, lanes 1 and 2) . Similarly, in BHK cells, VAI gene transcription is virtually the same after transfection by pAdPyE + and pAdPyE" (Fig. 3, panel B, lanes 1 and 2) . RNAs from a number of transfection experiments were analyzed using the same techniques; densitometric scans of these films indicate that at most there is a two-fold difference in transcription of the VAI gene from the pAdPyE + DNA relative to the pAdPyE" DNA (Fig. 3) , as compared with the approximately twenty-fold difference observed with the polyomavirus early gene transcription (Fig. 2) .
It is noteworthy that VAI transcripts are present in transfected Hela cells and in mouse DAP-3 cells in similar quantities (Fig. 3 , compare panels A and C), in striking contrast to the absence of polyomavirus early gene transcripts in Hela cells (Fig. 2) .
q-Amanitin sensitivity of RNA transcripts
To ensure that the transcripts measured in these experiments were the products of RNA polymerase II (polyomavirus early mRNAs) and RNA polymerase 
III (VAI RNAs)
, their sensitivity to a-amanitin was measured. RNA polymerase II transcription is inhibited by low levels of a-amanitin, while RNA polymerase III transcription is blocked only by high levels of the toxin (47). BHK cells were transfected with pAdPyE or pAdPyE", the cells were incubated for 24 hours and then 1 ug/ml of a-amanitin was added to the growth media. 24 hours later the cells were harvested, RNA was isolated and assayed with Sn uclease for polyomavirus early gene transcripts and adenovirus VAI transcripts.
Lov levels of a-amanltln effectively Inhibited transcription of the polyomavirus early genes (Fig. 2, panel D, compare lane 1 and lane 3) .
However, addition of 1 ug/ml a-amanitln to the growth media did not affect adenovirus VAI gene transcription, since equivalent amounts of transcripts are evident in pAdPyE and pAdPyE~-transfected BHK cells Incubated in normal media or media supplemented with 1 ug/ml a-amanitin (Fig. 3, panel D (Fig. 5, panel   A) .
Furthermore, the cis-acting polyomavirus enhancer region had no effect transcription was analyzed in the same pAdPyE and pAdPyE transfected 293 cell RNAfl as was used for the analysis of polyomavirus early gene transcription. A large amount of VAI transcription occurred in pAdPyE-transfected 293 cells, as is evident in Fig. 5 (panel B) ; it exceeds that observed in transfected BHK, Hela or mouse DAP-3 cells (compare Figures 3 and 5) ; furthermore, the polyomavirus enhancer region does not further activate VAI transcription in 293 cells (Fig. 5, panel B, lanes 1 and 2) . Thus, for both RNA polymerase II and RNA polymerase Ill-transcribed genes, the E1A gene products appear to greatly stimulate transcription. VAI genes transfected into 293 cells are transcribed by RNA polymerase III To demonstrate that the elevated level of VAI gene transcription detected in 293 cells is the product of RNA polymerase III transcription, the susceptibility of VAI RNA synthesis to a-amanitin inhibition was measured. Separate The total amount of 3H-RNA in each hybridization reaction was 7- Deletion of the entire 5' flanking region and 8 base pairs at the RNA initiation site (pAd5-dl 9) had no effect on transcription of the VAI gene, since (Fig. 6, lanes 1 and 2) . Deletion of an additional 15 base pairs (pAd5-dllO), which removes a portion of the VAI intragenic promoter and ell mi nates transcription in Hela cell extracts (32), also completely abolishes transcription in 293 cells (Fig. 6, lane 3 
